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Describing interactions among large molecules theoretically is a challenging task. As an example, we
investigated gas-phase interactions between a linear nonionic oligomer and various model compounds
(cofactors), which have been reported to associate experimentally, using PM3 semiempirical molecular orbital
theory. As oligomer, we studied the hexamer of poly(ethylene oxide) (PEO), and as cofactors, we studied
corilagin and related compounds containing phenolic groupSER). These systems are of interest because
they are models for PEO/cofactor flocculation systems, used in industrial applications. The PM3 delocalized
molecular orbitals (DLMO) describe the bonding between (RE@Y cofactors, and some of them cover the
complete complex. The DLMOs which cover the traditionally considered hydrogen bon@HR-O or
R—CH---O show a distinct “pinch”, a decrease of the electron density, between-th@ Btoms. Calculations

of Gibbs free energy, entropy, and enthalpy show that the PEO/cofactor complexes do not form at room
temperature, because the loss of entropy exceeds the increase in enthalpy. The change in enthalpy is linearly
related to the change in entropy for the different complexes. Even though bond lengths, bond angles, DLMOs,
and electron densities for the PEO/cofactor complexes are consistent with the definition of hydrogen bonds,
the number of intermolecular ROH---O and R-CH---O bonds does not correlate with the enthalpy of
association, indicating that the bonding mechanism for these systems is the sum of many small contributions
of many delocalized orbitals.

Introduction of 0.2, for every phenol moiety there were 4.9 polyether repeat
The flocculation efficiency of poly(ethylene oxide) (PEO) is  units within 5 A of anaromatic ring.
enhanced by various Compounds, known as cofactors, which Goto et al? studied the flocculation of four colloidal
are believed to associate with PEG.The driving force of this ~ suspensions, precipitated calcium carbonate (PCC), clay, TiO
association has been attributed to hydrogen bonding betweergnd polystyrene latex, using a combination of polymeric
the ether oxygen in PEO and the phenolic hydroxyl groups of flocculants, PEO, and poly(acrylamide-PEG) comb copoly-
the cofactors. mer, and cofactors of various structures and charges. They
Molecular mechanic&jn which the hydrogen bond is built- ~ speculated that the surface charge and the density of the phenolic
in, showed that the OH groups of the phenolic rings of the hydroxyl groups in the cofactor are important for flocculating
cofactor PFR (pheneiformaldehyde resin) form hydrogen colloids.
bonds with alternate PEO oxygefi A apart, while the cofactor More recently, Lu et a*found that water-soluble polypep-
isotactic PVPh (poly(vinyl phenol)) oligomérgave hydrogen tides with high tyrosine contents, i.e., phenolic moieties, form
bonds on every fourth or fifth PEO oxygen and the ®H:+-O complexes with high molecular weight PEO in 1 mM CaCl
distances were<2.37 A, with an angle of 13618C°. Hydrogen PEO/peptide complexes can be good flocculants; however, the
bonding in a water-insoluble cofactor PVPh/PEO complex was flocculation efficiency is sensitive to the polypeptide structure.
deduced by Zhang et &P from 13C solid-state NMR. The water- ~ PEO/polypeptide complexes are necessary, but not sufficient,
soluble ionic cofactor PVPbe-KSS (poly(vinyl phenoleo- for flocculation. Poly(glutamic acid/tyrosine) (1:1) at molecular
potassium styrene su|f0na‘[e))/PEO Comp|ex gave 1H NMR Weight 36.1 kDa caused the flocculation of PCC pretreated with
results that did not exclude hydrogen bonding when the distancedextran sulfate (PCE- DS) upon the addition of PEO, whereas
between the PEO and the aromatic protons of PY®KSS (glutamic acid/tyrosing)of molecular weight 1.1 kDa did not;
was less than 5 Al but opened the discussion that other therefore, the molecular weight is importaft.
interactions were possible; indeed, the PEO/cofactor complex Malardier-Jugroot et & showed that the PM36semiem-
forms at pH 12, where the OH groups dissociate. Cong 8t al. pirical molecular orbital theory is reliable for conformational
found that the number of ether oxygens per aromatic ring in analysis of hydrogen-bonded molecules. Rakotondradany-et al.
the complex depended on the molar ratio of P\4@H(SS/PEO showed that experimental results of self-assembled azodibenzoic

and temperature. At 303 K and a PVB&SS/PEO molar ratio  acid linear tapes and cyclic tetramers, formed through hydrogen
bonds, corroborated the PM3 predictions.
* To whom correspondence should be addressed. E-mail: tony.whitehead@ In this work, different conformers of TGG (1,3,6-0-

mCTinD”éczrtment of Chemistry, McGill Universit galloyl--0-glucose) and corilagin f1-O-galloyl-3,6-R)-
¥ Pul% & Paper Research)e:entre, McGill Un)i/\'/ersity. hexahydroxydiphenoyi-glucose) were used as model cofac-
8 Cascades Inc. tors'8 (Figure 1). They contain phenolic groups, characteristic

10.1021/jp050418p CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/22/2006



Gas-Phase Interactions between Complex Molecules

CH (6] OH
3N~ \6/\ Oj’\/
n

J. Phys. Chem. A, Vol. 110, No. 10, 2008693

OH
OH
\
C OH
Il
0
OH

a) PEO
HOQ b) Gallic acid
HO @
HO 0
ey
H
o OH c OoH
O\\C/ @
o OH
¢) TGG OH
HO OH
o~_ P
OH c X OH
d) Corilagin | ri
_="0H
OH

Figure 1. Molecular structures of (a) PEO, (b) gallic acid, (c) TGG, and (d) corilagin. (R1, R3, and R6 designate rings 1, 3, and 6, respéctively.)

of real polymeric phenolic cofactors. TGG consists of a sugar
ring esterified three times by gallic acid. In TGG, there is no
bond between the galloyl rings, giving a flexible structure, which
parallels the polymeric phenolic resins used in papermaking.
Corilagin'® is bonded between two galloyl rings, which gives a
more rigid structure for comparison. The bond length, bond
angle, heat of formationHs), Gibbs free energyQ), entropy

(9, electron densityd), and molecular orbital wave functions
of the complexes PEO/gallic acid, PEO/TGG, and PEO/corilagin
are discussed. In this work, the PEO/gallic acid complex is
assumed to be a hydrogen-bonded reference complex.

Theoretical Methods

The Programs. Theoretical calculations use@aussian
GWO03Crevision B.02 andsaussViewWersion 3.07. PM%16
semiempirical calculations used a convergence limit of 0.005,
without configuration interaction. In PEO, gallic acid, TGG,
and corilagin, the total charge was zero with no net spin
(multiplicity = 1) to start the calculations. Energy minimization

TABLE 1: Heats of Formation of the Conformers of the
Cofactors

Htok (kcal mol?)  Hiok (kcal mol?)

cofactor conformer  PM3/Mopaéé PM3/GW03
TGG chair —665.52 —666.66
TGG semi-tripod —667.35 —668.48
TGG tripod —669.12 —670.42
corilagirt  boat —645.61 —650.24
corilagirt  skew-boat —629.09 —652.23
corilagirt  chair —623.57 —637.57
R1R2 skew-boat —508.96 —644.13
R1R@ skew-boat —626.66 —657.52

aCorilagin has a covalent bond between R3 and'R&ovalent bond
between R1 and R3 or R1 and R6.

than in Mopac® which reflects the more efficient minimization
procedure in GWO03°

In corilagin, the boat and skew-boat conformers have different
energies in the two calculations; the GWO03 is obviously more
efficient in minimizing the energy of more rigid structures. This
is supported by the fact that the boat and skew-boat corilagin

used the conjugate gradient Polak Ribiere method, terminatedconformers, which are quite rigid, were energetically quite

when the root-mean-square (rms) was less than 0.005 kcal mol
A-L. The PEO hexamer was built using Cefiud.5/Polymer
Builder/Homopolyme# using the isotacticity, head-to-tail
monomer orientation and torsion angles of 4,80llowed by
Mopac/PM3>16geometry optimization. Theoretical results were

different in Mopac,—645.61 and—629.09 kcal moit,® and
are energetically alike in GW03;650.24 and—652.23 kcal
mol~1. The slightly more stable skew-boat corilagin conformer
(—652.23 kcal motl) predicted by GWO3 is supported by the
experimental interpretation of Jochims e2dhnd Yoshida and

obtained at 0 and 298.15 K using frequency analysis and thenOkuda?® The reversed Mopac stabilities529.09 and-645.61,
scaled by 0.9761 to give theoretical results, which are believed disagree with their experimental interpretatfdf®Interestingly,

to be closer to experimeit.More details about the theories
and programs are given in ref 23.

The Conformers. The methods to build the conformers have
been described befoté.The conformer$ were reoptimized
using Gaussian GWO03evision B.022° Table 1 shows the
differences in heats of formation @ K using Mopac/PM3 and
Gaussian GWQPMS3. Conformers are indicated by the con-
formation of their sugar ring, except for TGG semi-tripod and
tripod. All the conformers have lower energies using GW03

R1R3 and R1R6, two theoretically conceived structures, generate
one structure, R1R6, which is more stable than any of the other
corilagin structures, formed from TGG; because it has the same
open structure, whereas TGG/R1R3 and corilagin are more
compact (Figure 2).

The Complexes.Williams et al?® mentioned that, when
solvent interactions are ignored and then two molecules A and
B associate to form a complex, A and B rearrange their
structures to give a more stable complex. Recently, Malardier-
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Figure 2. Molecular structures (overlapping spheres model) of (a)
TGG, (b) corilagin boat, (c) R1R3, and (d) R1R6.

Jugroot et af”28 showed that the properties of the solutes and
their ability or inability to denature proteins can be explained
without including the solvent effect.

The present gas-phase calculations show that PEO has tw

distinct structures: one crystall#favith the ether oxygen inside

the helical molecule (Figure 3 left) and a more stable gas-phas
structure with the ether oxygen outside the helix (Figure 3, right).

The PM3 optimized PEO structures capable of forming

complexes with the various cofactors had intermediate structures,

Agpe The various cofactors similarly gave,f characteristic

of the cofactor structures. Equation 1 describes the formation

of PEO/cofactor complexes. Initially, f and B are brought
together, changing their conformations to fit into each other;
A'opr and Bopt Subsequently reoptimized as a complex to give
(A'B'opy, the most stable complex structure possible.

1)

The hexamer of PEO and the cofactor, either TGG or
corilagin, were brought sufficiently close, so that the PEO fits
within the cavity of the cofactor. In this conformation, the

Aopt + Bopt‘__‘ A'opt + B'opt# (A'B'opr)

distance between an ether oxygen of the PEO and a hydroxyl

phenolic proton approaches 1.8 A, the value of a typical
hydrogen bond® After a first geometrical optimization, the

€,

Gaudreault et al.

conformation of the PEO, a very flexible molecule, was changed
to increase the number of hydrogen bonds and to maximize the
ability of PEO and cofactor to assemble, by docking, until the
energetically Hox) most stable complex was obtained. This
method of manipulation was repeated, in some instances up to
26 times, until the enthalpy of association was fully minimized
and the PEO/cofactor complex was in a global minimum. This
approach was to reflect the current idea that the driving
mechanism of complexation between PEO and cofactor is
hydrogen bonding between the phenolic hydroxyl group of the
cofactor and the PEO ether oxygen.

To find the most stable complex, it was necessary to consider
the asymmetrical structure of the cofactors. Consequently, the
PEO hexamer was placed at different positions around the
cofactor to give structures interacting at the top, bottom, side,
and inside the cavity to give the global minimum PEO/cofactor
structures shown in Figure 4.

The heats of formatiorH; o) of all molecules and complexes
were initially calculated at 0 K, giving the enthalpy of
association as

A'B")opt — 13 (A'B)g Ao B,
AHE)K )m_Hg,OK)pI_ Z(Hf’0p§+Hf’0“,‘< (2)

However, it was decided to calculate the enthalpy of

%ssociation at 298.15 KAH %E)»), more characteristic of

conditions for which PEO/cofactors are used. Consequently, the
terms for entropy TAS%e™) now come into play, together
with the Gibbs free energyAG %e.). The values at 298.15
K were calculated from a frequency analy®igp bring the
results closer to experiment, the recommended scaling factor
of 0.97622 was applied to the results obtained at 298.15 K.
Although the interactions between PEO and the model
cofactors give weakly bonded complexes, as described by eq
1, it must be remembered thatfand B, reconform to give
A'oprand Bgpr. For simplicity, the subscript opt and primes used
as superscript will be omitted in reporting results. Delocalized
molecular orbitals (DLMO) and the change in enthalpy as a
function of the change in entropy at 298.15 K are used to study
the interactions of the complexes.

Results and Discussion

To analyze the complexation, it is necessary to study first
PEO and corilagin in isolation, followed by the interactions
among them. At first, PEO is considered.

Figure 3. Molecular structure of poly(ethylene oxide) (PEO): crystalline (left); a periodic box is shown together with repeat units, one of which
is in the overlapping spheres model representation; and the more stable gas-phase structure (right) obtained by performing a cbsgzate 360

of all the dihedral angles of the PEO using PM3.
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(PEO)s/Gallic Acid. Gallic acid, a subunit of the larger
cofactors, which has hydrophilic OH’s and a COOH group and
a hydrophobic phenyl ring, was chosen as a model for studying
the suggested hydrogen-bonding driving force. Gallic *cid
(Figure 1b) has a global minimum with heat of formatig «
= —198.24 kcal moi'. The (PEOYgallic acid optimized from
the PEO crystal structure, which has the oxygen inside, readily
complexes 80 K (Figure 5)

(PEOQ), + gallic acid= (PEO)/gallic acid 3)

—136.79+ —198.24= —341.41 kcal mol*

since the complexH;ok = —341.41 kcal mot?) is more stable
than the sum of the reactanfs(H {5* + HY5) = —335.03
kcal molt). From eq 3, the enthalpies of association for the
(PEOY/gallic acid complex at 0 and 298.15 K ar€5.38 and

: —4.72 kcal mot?, respectively (Table 2), which is similar to a
Figure 4. Complexes of (PEQjcorilagin-boat with different locations  typical hydrogen-bond enthalfi/ of about —5 kcal mof.
of the PEO hexamer: (a) top, (b) bottom, (c) side, and (d) inside the Steinef3 refers to many different types of-XH-:-A hydrogen
cavity of the cofactor corilagin-boat are shown. bonds which commonly occur in condensed phases and for
which the dissociation energies span more than 2 orders of
magnitude, from—0.2 to —40 kcal mofl. Any X—H---A
interaction is called a hydrogen bond (a) if it constitutes a local
bond and (b) if X-H acts as proton donor to A, and it is a
directional molecular interactiod.(PEOY/gallic acid is assumed
to have a hydrogen bond in the complex in Figure 5. The
R—OH:+O bond, with a bond length of 1.833 A and an angle
OH---O of 165.38 between a phenolic hydroxyl and an ether
oxygen of PEO, is shown in the DLMO 13 as a pinched region
of the wave function. Similar ROH---O bond lengths and
angles are found using density functional theory (DFT) and MP2
levels of theory?*

The PEO structure in aqueous solution would most likely
have the ether oxygen outside to interact with the solvent.
Therefore, it was decided to reoptimize the PEO structure. A
more stable PEO conformer called (PE®)was obtained by
performing a complete 36Gscan of all the dihedral angles of
the PEO trimer. This (PEGf" does have the oxygen on the
outside of the polymer (Figure 3, right). It readily complexes
Figure 5. Molecular structure of (PE@pallic acid complex: the *H-  With the gallic acid at & to give a more stable complex than
bond" is dotted (top left). The molecular orbital, DLMO 13 (top right) ~ the crystalline PEO structure with oxygen inside.
with eigenvalue of-1.039 eV, shows a distinct “dumbbell” over the
R—OH:-+-O tri-atom region (arrow). The ROH-+-H and R-CH-+-H (PEO}™"+ gallic acid== (PEO)/gallic acid  (4)
interactions (bottom left), described by DLMO 18 (bottom right) with
eigenvalue of—0.821 eV, also have the significant “dumbbell”
appearance: all these interactions show a pinch in the MO and are
weak regions.

—142.23+ —198.24< —347.19 kcal mol*

since the complefog”,lp'exz —347.19 kcal mot?) is more
PEO. The heat of formation of the hexamer of PEO at 0 K  stable than the sum of the reactanH {*  + HEL) =
is Hiox = —256.71 kcal mol™. The hexamer ((PE@)was used —340.47 kcal motl). Equation 4 and thermochemical analysis

to ensure that the linear length is greater than the model cofactorshow the enthalpy of association to b®.72 and—5.42 kcal
size to minimize end-group effects (gkdnd OH). However, mol~! at 0 and 298.15 K, respectively (Table 2). The enthal-
in the case of the reference hydrogen-bonded complex, PEO/pies of association are interestingly quite similar, except that
gallic acid, the ethylene oxide trimer (PEPWith Hiox = the (PEOj**]gallic acid complex is marginally (1.7%) more
—136.79 kcal mot! was sufficient to avoid end effects. stable than the (PE@Yallic acid complex.

TABLE 2: Thermochemistry @ of the (PEO)/Gallic Acid Complexes at 0 and 298.1K

AHok AGogs k AHzgg k TAS 98 « intermolecular
PEO conformer (kcal mof™) (kcal mol™) (kcal moi™) (kcal mol™) R—OH---0°
(PEO} —6.38 8.43 —4.72 —13.14 1
(PEOE™" —6.72 6.90 —5.42 —12.33 1
(PEO} —7.92 —6.03 1

2 Scaling factor of 0.976%% ® (PEO}, is very similar to (PEQ)and not (PECGS™" It is found by rotating PEO to remove all destabilizing
interactions, R-OH---H and R-CH---H (see text)¢ Judged by distance only.
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The optimum PEO structure association lies between the Gallic acid
(PEO} crystalline structure and (PED)" It is important to
use chemical understanding of the molecules when performing
calculations: all possible complexes which are within 3 kcal
mol~! must be studied. The validity of this approach is shown
by the fact that, starting with two very dissimilar PEO structures, 80
(PEO) and (PEOY™, very similar enthalpies of association of
the minimized complexes are obtained.

The enthalpy of association of (PEJJ)'/gallic acid at 298
K is identical to the experimental enthalpy of the hydrogen bond
in the water dime?? —5.4 + 0.7 kcal mot™. With this enthalpy
change, Hibbert and Ems@&would classify the (PEQ)gallic
acid complexes as having a weak hydrogen bond. The calculatec
bond length, bond angle, and enthalpy change would lead
Jeffry?0 to classify it as a “moderate hydrogen bond”. (PEO);
Although the enthalpy of association is negative and therefore 20
promotes bonding, when two molecules associate there will also
be an entropy change. From a frequency analysis of the "0 ®
calculations, the thermochemical analysis (Table 2) of (REO) .
gallic acid complexes shows that they will not form at room e 1055200, 80: o0 i)
temperature (298.1K) because of the entropy loss. It would (PEO)s Orbital number
be intgresting to see whether the (_antropic effect can be IOWer(':'dFigure 6. Electron density map of (PE@yallic acid complex. The
by taking the effect of the solvent into account, thus favoring a r=op..-0 interaction ©), shown in Figure 5, has a total electron
stable complex. density p) of 0.0323 between the hydrogen proton of the phenolic
The wave functions and eigenvalues of the DLMOs describe group and the ether oxygen atom. The electron density-6DR:+-H
the bonding between (PE©and gallic acid in the complex. () and R-CH---H (<) interactions are 0.0125 and 0.0121, respec-.
Brion et al3® showed that molecular orbital theory is an accurate fuvilyc/). c‘)l'lhe orange color represents the areas where the electron density
method to assess chemical bonding. Electron momentum'® ="
spectroscopy (EMS) measurements and associated theoreticalABLE 3: Characterization of Intermolecular Bonds in
calculations, with evidence from frontier orbital theory and (PEO)sJ/Gallic Acid Complex

Orbital number
Iy

B oo

60

scanning tunneling microscopy (STM) experiments, show that bond bond
delocalized canonical molecular orbitals (CMO) or Ket8ham interatomic length angle atomic orbitals pelectron-density
orbital (KSO) densities provide a theoretically valid operational interactions A) ©) in the MO (elad)
def|_n|t|on of orbitals and orbital e!ectron densities. _ Roneno—OH++*Oeiner  1.833  165.38 10 0.0056
Figure 5 shows DLMO 13 (top right), one of the 60 occupied 18-2p° 0.0045
DLMOs, as the only molecular orbital, which totally covers one 1s£*—2|qz 0.0210
phenolic hydroxyl and one ether oxygen of the PEO. The 14'-2p; 0.0012
important aspect of this DLMO is that it covers the postulated 5 OH-H 1798 15502  ¥e1d 2= 8-832
; H H phenol™ ***Fpeo . . .
hydrogen bond. There is a pinch in the DLMO at the postulated Ry CH--Hpgg 1720 148167  15-1¢" 0.0121

hydrogen bond which shows this to be the weakest region of
electron density in the DLMO. Moreover, DLMO 18 (bottom  Thex andy axes in Figure 6 represent the orbital number on
right) shows two unusual interactions:-®H---H and R-CH- each atom. The axis perpendicular to the plane of the figure,
*H. The existence of such interactions has been reported inrepresented here by the different colors, gives the electron
the literature’’ 38 However, these will be shown to be destabiliz- density. The lower left segment of the electron density map
ing interactions (see below). from atomic orbital 49 down to 1 corresponds to the (PEO)
The dumbbell section of the orbital is part of DLMO 13, and and the upper right to gallic acid from atomic orbital 50 up.
therefore, it is useful to determine the electron densiy ( The covalent bonds are located on the diagonal and in the two
between the two specific atoms, using the density matrix. For segments. The intramolecular bonds within these segments of

a closed-shell system, the density maRjxvith elements$?,,,3° the individual components, (PE©pr gallic acid, describe
described by eq 5, gives the contribution of the atomic orbitals intramolecular H-bonds or other similar interactions. The off-
(AO) in the occupied DLMO diagonal electron densities located in the upper left and lower
segments describe the intermolecular interactions, hydrogen
occ bonding, and similar interactions.
P,= 22 c/’jicvi (5) Considering the DLMO shown in Figure 5 (top), the electron
I

density map in Figure 6, and the results of this figure tabulated

in Table 3, the Bheno OH:***Oecmerinteraction has a total electron
wherec,, andc, are the linear coefficients for the AQsand density of 0.0323 e/&yuof which 0.0210 is found between the
v in theith occupied DLMO. 1s atomic orbital of the hydrogen proton of the phenolic group

The diagonal elements of the matrix give the electron density and the Py atomic orbital of the ether oxygen atom. The

on a particular atom in the DLMO; the off-diagonal terms give complex, (PEOygallic acid, therefore has an electron density
the electron density shared by two atoms, reflecting their which is larger than the electron density at the hydrogen bond
electronic interactions. Moreover, an electron density of 1 critical point (oncp) as defined in an atom in a molecule program
corresponds to a single covalent bond, and a weaker bond isby Alkorta and Elguer# for the water dimer, 0.0231 e/3u
indicated ifp is lower than 1, such as in hydrogen bonds. calculated at the MP2/6-3%H-G** level.
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Figure 7. PM3 stick conformations (side view) of (a) TGG, (b) (PEO)
TGG, (c) corilagin-boat, and (d) (PE&xorilagin-boat.

In the PEO/gallic acid complex, the,Rno OH+**Oetherbond
has a H--O bond lengthd, of 1.833 A and Inp of the total
electron density, 0.0323 efjuis —3.43. These results fit
perfectly well with the linear Lpycp versusd relationship, given
by Steinef® as well as Alkorta and Elguefd.The density matrix
has been used by Tretiak et*8ko study conjugated and aggre-

gated molecules and was used to describe various bond types}7] (PEO)/corilagin
The electron density map shows two additional interactions [8] (PEOx/R1R3

in the (PEOYgallic acid complex, Figure 5 (bottom) and Figure
6 (indicated by and ©).
The interactions ROH---H (O) and R-CH:--H (<) have
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TABLE 4: Heats of Formation and the Enthalpy of
Association for the (PEO)/Cofactor Complexes at 0 K

Hrok  AHtox
complexes (kcal/  (kcal/ intra- inter-
PEO/cofactor conformer mol) mol) R—OH---0? R—OH---0?

(PEOYTGG chair —938.29-14.92
(PEOYTGG semi-tripod—937.69 —12.50
(PEOYTGG tripod —944.49-17.36
(PEO)/corilagin boat —922.18-15.23
(PEO)/corilagin boat —921.85—-14.90

(PEO)/corilagin skew-boat —928.94 —20.00
(PEO)/corilagin chair —912.79-18.51
(PEOYR1R3  skew-boat —913.48-12.64
(PEO}R1R6  skew-boat —932.19—-17.96

aJudged by distance only.One bond is of the RCH-+-O type.

NRORRRRLROO
PRrWORRRERPRRPP

TABLE 5: Thermochemistry for the Association of PEO
Hexamer and Cofactors at 298.15 K

AGaog k AH298 Kk TAS98 k

complexes (kcal  (kcal  (kcal inter-
cofactor/PE@  conformer mol™Y) mol~1) mol1) R—OH---OP

[1] (PEOYTGG  chair 10.05 —12.83 —22.88 1
[2] (PEOK/TGG semi-tripod 17.66 —9.98 —27.64 1
[3] (PEOWTGG tripod 9.24 —13.82 —23.06 1
[4] (PEO)/corilagin boat 14.13 —12.45 —26.58 &
[5] (PEO)/corilagin boat 10.62 —12.25 —22.87 1
[6] (PEO)/corilagin skew-boat 7.73-16.78 —24.50 1

chair 11.46 —16.05 —27.51 3

skew-boat 11.49-10.03 —21.52 1
[9] (PEOX/R1R6  skew-boat 11.66—14.92 —26.58 1

2The numbering of complexes is used in Table 9 and Figure 10.
b Judged by distance onlyOne bond is of the RCH:--O type.

been suggested as possible hydrogen bonds, because the two
hydrogen atoms share the same electron density. Table 3 show&ssociationAHox = —17.36 kcal mot!. The complexes were

that these H-H bonds in R-OH:--H and R-CH:---H have
smaller electron densities (0.0125 and 0.0121) than th®R-

recalculated at 298.1K, (cf. Table 5). Included in the
calculations were vibrational, rotational, translational, and

-*H (0.0323) interaction, even though the bond lengths are electronic entropies and energies. The results show that the

shorter. Klooster et & reported that H-H distances are
typically 1.7-2.2 A for M—H---H—N bonds, where M stands

(PEOYTGG complexes will not form at room temperature,
because high entropy prevents complexation. The TGG-tripod

for metal, compared with the present results 1.728 and 1.720.conformer still has the most stable enthalpy of association,

Because the ROH---O interaction has a larger electron density
than either R-OH-:-H or R—CH:-+-H, the R—OH---O interac-

AHogsk = —13.82 kcal mot?.
(PEO)s/Corilagin. Corilagin, which has two phenolic rings

tion is about three times stronger. Consequently, additional (R3R6) joined, has two boat conforméPhoat and skew-boat,
calculations were performed to study these interactions energeti-with heats of formation of-650.24 and-652.23 kcal mot?,
cally, because they occur in many of the complexes. The respectively, and a much less stable chair confotfweth heat

R—OH:---H and R-CH---H interactions were removed from
(PEOY/gallic acid, and the enthalpy of formation was calculated
to be 0.45%, or-1.54 kcal mot* more stable than the complex
containing the ROH---H and R-CH---H. The enthalpies of
association were-7.92 and—6.03 kcal mot! at 0 and 298.15

K, respectively (Table 2). The electron density) for the
R—OH:---0O interaction, when the ROH:--H and R-CH-+-H

of formation of —637.57 kcal moi! (Table 1). All three
conformers were used to study the interactions with PEO (Figure
7c,d). Tables 4 and 5 show that the (PEEYrilagin skew-boat
complex is the most stable with enthalpies of association: at 0
K, AHpk = —20.00, and at 298.15 KAH29gk = —16.78 kcal
mol~t. The (PEOYcorilagin-boat complex shows no depen-
dence of the heat of formatiorAHok) on the number of

were removed, increased to 0.0337 from 0.0323. This provesintermolecular H-bonds. For example, for a decrease from 4 to

that these ROH:---H (O) and R-CH---H (¢) interactions are

1 hydrogen bonds, the enthalpy of associaiidiyk changes

destabilizing. It is necessary to carefully search the potential from —15.23 to—14.90 kcal mot?! (Table 4). At 298.15 K,
energy surface of the complexes to avoid such destabilizations.AHagsk Values are even closer:12.45 and-12.25 kcal mot?,

(PEO)s/TGG. To consider the complexing of large cofactors

respectively. Three of these bonds are of theQ#---O type

which contain several gallic acid subgroups, it becomes neces-(Figure 8), while one bond is of the-RCH---O type (Table 6).

sary to use (PEQ)to avoid effects from Chkland OH end
groups. At 0 K, TGG has three conformé#shair, semi-tripod,
and tripod, with heats of formatiot{ k) of —666.66,—668.48,
and—670.42 kcal mot?, respectively (Table 1). The chair, semi-

It is even possible to form (PE@gorilagin complexes with a
somewhat smaller enthalpy of association, which contains no
H-bonds.

The results for the (PE@Yorilagin are the same as for the

tripod, and tripod conformers are used to study the interactions (PEO})/TGG complexes. The complexes do not form at room
between TGG and PEO (Figure 7a,b). Table 4 shows that thetemperature, becau3aSis too large, makind\G > 0 (AG =

enthalpy of associatiom\Ho k) for these conformers varies from
—12.50 to—17.36 kcal mot?, and thus, these complexes form
at 0 K. The (PEQYTGG-tripod has the most stable conforma-
tion, Hiox = —944.49 kcal mot?, and the lowest enthalpy of

AH — TAS). The PM3 stick conformation of TGG, corilagin,
and their complexes with (PE@are shown in Figure 7.

The behavior of PEO/cofactor complexes is different from
stable systems studied by Alkorta and Elgu&revho found
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TABLE 6: Bond Characterization in (PEO) ¢/Corilagin-Boat

Complex
bond bond

interatomic inter or length  angle p?

interactions intra H-bond  (A) °) (e/a)
Rphenor OH***Octher inter 1.818 163.84 0.0310
Rohenor OH***Oether inter 1.820 165.76 0.0311
RPEO_OH"'Ocarbonyl inter 1.846 168.74 0.0215
Rsugar OH***Ocarbonyi intra 1.812 154.66 0.0341
Rpeo—CH:**Osygar inter 1.872 175.44  0.0205
Reeo—CH:**Hphenol inter 1.714 150.67 0.0130
Rpeo—CH:**Hphenol inter 1.755 138.41 0.0114

20 = Y[p(18'~1) + p(18'-2p7) + p(18'—21)) + p(15'—2p)).

Figure 8 shows DLMOs 9, 11, and 17, out of 174 occupied
DLMOs, which totally cover one hydroxyl and an ether oxygen
of the PEO, R-OH---O, traditionally described as a hydrogen
bond. Considering DLMO 11 (center right), only a part of the
orbital is found to cover the +-O atoms. The electron density
on the two atoms H-O in the R-OH---O part of the molecular
complex occurs in many DLMOs: 3, 4, 6, 9, 11, 12, 17, and
21, with eigenvalues of-1.562, —1.527, —1.505, —1.453,
—1.427,—1.417,—1.351, and-1.329 eV, respectively. Notice
again the characteristic “pinch” of the orbitals in the @H---O
regions.

Figure 9 and Table 6 show three types of interaction: (i)
Figure 8. Molecular structure of (PE@)orilagin-boat complex R—OH::-0, (ii) R—CH-++0, and (iii) R—CH:+*H. R—OH-+-O
showing three ROH---O bonds (dotted lines), and the corresponding  js the traditional hydrogen bond. It has been suggested that the
DLMOS: 9 (top right), 11 (center right), and 17 (bottom right), with R—CH---O has similar characteristics to-FOH---O and can
eigenvalues of-1.453, ~1.427, and-1.351 eV, respectively. be treated as a true hydrogen bdké Table 6 shows that the
that the interaction energy follows an exponential relationship R—CH:---O has a similar electron density,= 0.0215, to the
with respect to the number of-ROH---O bonds. Rpeo—OH:**Ocarbonyi p = 0.0215 interaction, but with a larger

Corilagin-boat

300
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Figure 9. Electron density map of (PE@gorilagin-boat complex. The molecular interaction electron densities are as follows: 0.033QR
OHe++Ogthes ), 0.0311 (FﬂhenorOH"'Oemeﬁ O), 0.0215 (REO_OH"'Ocarbonyl right triangle), 0.0341 (Rgar_OH"'Ocarbonyl 0), 0.0205 (Rec—CH-
++Osugas 2), 0.0130 (Reo—CH-**Hphenoi <), and 0.0114 (Reo—CH-+*Hpnenot O) (Table 6). The orange color represents the areas where the electron
density is>0.01. (PEQy is described by orbitals numbered 1 to 98, and corilagin-boat is described by orbitals 99 to 300.
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interesting to see whether R1R6 could be used as a cofactor,
because of the large enthalpy of formation of the (PHRI)R6
complex. However, the entropic effect is still predominant
(Table 5).

Since all PEO/cofactor complexes studied so far do not form
at room temperature, one interesting question is, would there
be any possibility that the entropic effect could be overcome
by having more PEOs complexing with a single cofactor? In
industrial applications, PEO has a much higher molecular weight
than the one used in the modeling, and consequently, the
possibility of one part of the PEO being complexed with the
cofactor from above and another part from below, to give a

Figure 10. PM3 optimized molecular structure of (PEf@prilagin-
chair complex shows ROH::-O and R-CH-+-O bonds (dotted lines, sandwich-type complex, was studied.

left) and DLMO 6 (right), covering both ROH---O and R-CH---0O,
with eigenvalue—1.505 eV. Notice that the two hydrogen bonds,
R—OH:--0O and R-CH---O, are shown by significant “pinches” in the
DLMO, showing a very weak density between the @ atoms.

(PEO)J/TGG/(PEO)e. The thermochemistry of the complexes
when a cofactor is sandwiched between two PEO hexamers was
calculated to investigate the possibility that a cofactor could
induce PEO aggregation and overcome the entropic effect. The

bond length, 1.872 A compared to 1.846 A. These results are @ssociation between a (PEfpfactor complex (Table 4) and
similar to the ideas of Gu et @2 who suggested that-RCH-+-O anothe_r_ I_DEO hexam_er to generate a larger complex, with more
bonds are usually weaker than conventional hydrogen bondsPossibilities for bonding, is
but their binding energy would die off more gradually as the (PEO)/TGG + (PEO), = (PEO)/TGG/(PEO)  (6)
hydrogen bond distance is stretched. Consequently;dpHR:-O
bond may even be stronger than the ®H---O interaction in The conformation of the additional PEO hexamer was varied
particular intermolecular systems. to increase the number of bonds, to maximize the stability of
In the present (PE@)orilagin-boat complex, an interesting the assembly, to give the energetically k) most stable
and unsual H-H type of interaction has been found. These complex. It was expected that the enthalpy of association would
two R—CH:---H interactions have a lower electron density than be about twice that reported in Tables 4 and 5. Table 7 shows
R—OH:---O, even though the bond lengths are shorter (Table that, when cofactor associates with two PEO hexamers at 0 K,
6). Traditionally, shorter hydrogen bond lengths give a more the enthalpy of association increases by factors of 1.81 for the
stable hydrogen bon#. Consequently, bond length can be chair, 2.00 for the semi-tripod, and 1.81 for the tripod conform-
correlated with electron density only when comparing identical ers relative to the values in Table 4. However, it is important
types of hydrogen bond834These R-CH:---H interactions have  to note that this increase in the enthalpy of association occurs
been shown to destabilize the PEO/gallic acid complex, which even though the number of intermolecular-&H---O and
becomes more stable when the-8H---H are eliminated by R—CHe---O bonds (a) stayed constant for chair and semi-tripod,
rotating the gallic acid relative to PEO around the true®H- but (b) increased from 1 to 2 for the tripod conformer.
O hydrogen bond. However, these very large PEO/cofactor The enthalpy of association almost doubledeK for the
complexes are in their global minima, and the destabilizing same number of intermolecular-fOH---O and R-CH:--O
effect of R-CH---H is energetically smaller. bonds, indicating that there is no correlation between the
In a chain with two adjacent ROH---O and R-CH:---O enthalpy of association and the number of H-bonds. Similar
bonds in the (PEQJcorilagin-chair complex shown in Figure trends are observed at 298.15 K (Table 8): The enthalpy of
10, the H--O atoms are covered by two DLMOs, 4 and 6, one association increases by factors of 1.77 for the chair, 1.97 for
of which is shown in Figure 10 (right). It has been suggested the semi-tripod, and 1.85 for the tripod conformers relative to
that both bonds in ¥-H+--X—H-:-A become stronge®®*3The the values in Table 5. The (PEQ)GG-tripod/(PEQy is the
so-called polarization-enhanced hydrogen bonfiogcurs in most stable complex and has the lowest enthalpy of association
the (PEOyYcorilagin-chair complex, as shown by the DLMOs. at both 0 and 298.1K. The larger complexes (Table 8) behave
(PEO)¢/(R1R3) and (PEO)/R1R6. Table 4 shows (PEQ) similarly to the smaller complexes (Table 5). These complexes
(R1R3) has a higher enthalpy of formatidfgx = —913.48 all have largeTASvalues, which prevent association. Interest-
kcal mol?) than (PEOYR1R6 Hiox = —932.19 kcal mot?). ingly, the (PEOYTGG semi-tripod/(PEQ) complex has a
(PEOY/R1R6 can form a more stable complex than any of the particularly highTAS, which reflects the very tight packing of
corilagin conformers complexes at 0 K, betweBhokx = the complex.
—912.79 and-928.94 kcal mot?. Interestingly, (PEQJR1R6 (PEO)s/corilagin/(PEO)s. When corilagin conformers as-
does not have a lower enthalpy of association. It would be sociate with one and two PEO hexamers, Tables 4 and 7, the

TABLE 7: Heats of Formation and Association Enthalpies for the (PEO)/Cofactor/(PEO)s Complexes at 0 K

complexes Hrok AHok intramolecular intermolecular
cofactor/PEO conformers (kcal mol) (kcal molt) R—OH:---0? R—OH:---0?
(PEOYTGG/(PEO} chair —1207.08 —27.00 0 1
(PEO}Y/TGG/(PEO} semi-tripod —1206.85 —24.95 0 1
(PEOYTGG/(PEO) tripod —1215.26 —31.42 1 2
(PEO)/corilagin/(PEO) boat —1188.72 —25.06 1 4
(PEO)/corilagin/(PEOy skew-boat —1193.84 —28.19 1 1
(PEO)/corilagin/(PEO) chair —1177.24 —26.25 0 3
(PEOYR1R3/(PEQ) skew-boat —1182.03 —24.48 1 2
(PEO}/R1R6/(PEOY skew-boat —1197.10 —26.16 2 1

a Judged by distance onlyOne bond is of the RCH---O type.
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TABLE 8: Thermochemistry for the Association of (PEO)¢/Cofactor/(PEO)s Complexes at 298.15 K

AGoog k AHagg k TAS 98 k intermolecular
complexes conformers (kcal/mol) (kcal/mol) (kcal/mol) R—OH---0?
(PEO}Y/TGG/(PEO) chair 18.66 —22.75 —-41.41 1
(PEO)YTGG/(PEO} semi-tripod 32.92 —19.65 —52.57 1
(PEO}Y/TGG/(PEO) tripod 22.08 —25.57 —47.65 2
(PEO)/corilagin/(PEO) boat 23.30 —20.44 —43.74 2
(PEO)/corilagin/(PEO) skew-boat 18.14 —23.32 —41.46 1
(PEO)/corilagin/(PEO) chair 23.22 —21.62 —44.84 3
(PEO)}RI1R3/(PEQ) skew-boat 21.18 —20.72 —41.90 2
(PEO)}R1R6/(PEOY skew-boat 21.29 —-21.31 —42.60 1

2 Judged by distance onlyOne bond is of the RCH---O type.

enthalpy of associationt & K increases by factors of 1.65 for }
the boat, 1.41 for the skew-boat, and 1.42 for the chair Region of association ¢
conformers. Similar trends are observed at 298.15 K: The
enthalpy of association increases by factors of 1.64 for the boat,
1.39 for the skew-boat, and 1.35 for the chair conformers. Again,
no association occurs at room temperature because of high
entropy (Tables 5 and 8). Again, there is no correlation between
the number of intermolecular H bonds and the enthalpy of
association for the corilagin conformers.

(PEO)s/R1R3/(PEO) and (PEO)/R1R6/(PEO). These two
model corilagin-type cofactors give a (PEM]1R6/(PEO)
complex more stable than the (PEO)6/R1R3/(PEO)6 complex, /.
having Hox of —1197.10 compared te-1182.03 kcal moit 4. (PEO)y/gallic acid Region of no association
(Table 7). 0 ; ' ' ; '

Similarly to the corilagin complexes, there is no association 0 -10 -20 -30 -40 -50 -60
at room temperature because of high entropy (Table 8). Again, 298AS (kcal/mol)
there is no correlation between the r_1ur_nber of intermolecular Figure 11. Change in calculated enthalpy as a function of the change
H— bonds and the enthalpy of association for the conformers. in calculated entropy at 298.15 K, for gas-phase interactions of PEO/

Change in Enthalpy (AHs) And Change in Entropy (AS). cofactor complexes. The correlation fact was calculated on the
The relationship between the change in enthalihldl and the assumption that the line goes through the orfgifihe dotted line is
change in entropyXS) is discussed extensively in the literature. the boundary between regions in which association occurs or is absent.
Williams et al**+*5showed that for the gas phase the change in
enthalpy of association increases approximately linearly with ~ -30

N
o
~

y=0.4965x
R* =0.841

)
S
X

(PEO)¢/cofactor/(PEO)s

L
o
.

(PEO)¢/cofactor

Enthalpy change (kcal/mol)
&
N

the change in entropy, withH = 0 atTAS= 0.4 In the present PR Sy v y
work, the theoretical change in enthalpy of association plotted 5 25 {| ¥ Seriagin Boat
against the theoretical change in entropy between PEO and itsE @ Corilagin Skew-Boat =0.5942x ¥ = 03099
cofactors (Tables 2, 5, and 8) is also assumed to pass through§ _,, | © (Corlagin Chair R = 06882
the origin. The (PEQJcofactor/(PEQ) complexes have larger
theoretical enthalpies of association than the (RFEOfjactor =
complexes because of additional intermolecular interactions from § 151
the second PEO (Figure 11). o g
These results show a relatively good correlatigfv= 0.841, E -10 1 y=05030x ¥V R =09979
between calculated enthalpy and calculated entropy change.2? R =09627
However, a detailed analysis for the larger PEO/cofactor 6“ 5 -
complexes gives more insight, showing that the cofactor
conformation plays a significant role in the interaction with the 0 ' ' ' . ‘

very flexible PEO molecule. The cofactor affects the PEO 0 10 20 30 _40 50 60
conformation, and vice versa (Figure 12).

Such an analysis gives additional information about the 298AS (kcal/mol)
interactions between molecules forming complexes. While this Figure 12. Change in calculated enthalpy as a function of the change
idea has been developed for complexes which only form at 0 of calculated entropy at 298.15 K, for gas-phase interactions of PEO/
K, nevertheless it would be useful to show the specificity of cofactor _complexes. The_ correlation factﬂ?swer_e _calculated on the

’ . - o or assumption that all the lines go through the oritfin.
the cofactors in the plots of Williams et #f:° Corilagin skew-
boat gives the largest change in enthalpy of association for a
given entropy change, with the highest slope of 0.59 (Figure The relative contributions of PEO and the cofactor to the
12). The TGG semi-tripod conformer complex has the smallest enthalpy and entropy changes are analyzed for the (FEO)
enthalpy change for a given entropy change, with a slope of cofactor complexes (Table 9). The enthalpy and entropy changes
0.37. The corilagin boat shows a perfectly linear behavior with mainly arise from PEO (Table 9). The negative values in Table
a slope of 0.47. R1R3 and R1R6 show similar behavior and 9 signify that the reactant\Hcofactorand/orAHpgo) conformers
were combined in a single line. The idea that the complexes do are more stable after complexation than before, implying that
not form at room temperature, because the loss of entropythe PEO and the cofactors were not in a global energy minimum
exceeds the enthalpy increase, is clearly shown in Figures 11before complexation. The change-A A’ is very important
and 12. (Table 9). All the results are calculated from eq 1. It would be
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TABLE 9: Changes in Enthalpy and Entropy (in kcal mol~%) Arising from the Individual Components (Cofactor and PEO) of
(PEO)s/Cofactor Complexes at 298.15 K

C0rnp|6)e AHcofaclor AHPEO AHassociationb TA&ofactor TAS=’EO TASassociationb
1 —0.43 0.41 —12.83 —-3.31 —2.44 —22.88
2 4.97 2.00 —9.98 1.14 —5.80 —27.64
3 1.74 —4.59 —13.82 0.95 —5.30 —23.06
4 1.81 —3.42 —12.45 —0.64 —5.50 —26.58
5 1.93 —3.69 —12.25 0.22 —4.36 —22.87
6 —0.96 —3.67 —16.78 —1.88 —4.60 —24.50
7 0.12 1.44 —16.05 —0.87 —-1.91 —27.51
8 —0.56 —3.72 —10.03 —-0.13 —3.22 —21.52
9 1.99 —4.61 —14.92 —1.86 —4.72 —26.58

aComplexes listed in Table B.Values extracted from Table 5.

80 e of 1.81 for the chair, 2.00 for the semi-tripod, and 1.81 for the
= PEO tripod conformers, but the number off®H:--O and R-CH---O

60 1 ' bonds stayed constant for the chair and semi-tripod, respectively.
Moreover, the (PEQjcorilagin-boat complex shows no sig-
nificant difference in the enthalpy of association when the
number of H-bonds decreased from 4 to 1. Consequently, there
is no correlation between the number of intermoleculaQ®-

-O and R-CH:---O bonds and the heat of formation or the
enthalpy of association at 0 and 298.15 K.

Linear relationships between the change in enthalpy and the
change in entropy show the specificity of the cofactors when
interacting with the very flexible PEO. DLMOs were used to
show the molecular bonding regions. The electron density map

i 2 5 4 & 8 7 @ supports the ROH::*H and R-CH-++H interactions for the
(PEOY/gallic acid and larger PEO/cofactor complexes. The

10 interactions R-OH---H and R-CH---H are found to be desta-
bilizing with electron densities ranging from 0.0114 to 0.0130.

Even though bond lengths, bond angles, delocalized molecular
0 orbitals, and electron densities for the PEO/cofactor complexes
are consistent with the definition of hydrogen bonds, the number
of R—OH---O and R-CH:---O bonds does not correlate with
10 4 the enthalpy of association, indicating that the bonding mech-
anism for these systems is the sum of many small contributions
of many delocalized orbitals.

-20 1 Since these complexes do not hold together at 298.15 K, the
- whole question of hydrogen bonding between phenolic cofactors
and PEO becomes of academic interest and of no practical

30 4 LI . . : . LN . significance. It is interesting that insights into the complexes
1 2 3 4 5 8 7 8 9 has been possible even though they do not form in the absence

Number index of cofactor/(PEO)g complexes of salt. With salt, complexation is observ&din subsequent
paper, the hydrophobic and hydrophilic interactions will be
Figure 13. Change in enthalpy and entropy at 298.15 K arising from - reported, including the effects of the size of PEO, the possibility

the individual components (cofactor and (PEOjor gas-phase  of end group effects, and whether phenolic hydroxyl groups in
complexes. Number index refers to Table 5. cofactors are necessaty

interesting to separate and analyze all the experimental results .
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